The hemoprotein content of 17 strains of Bradyrhizobium japonicum bacteroids from field-grown plants and the corresponding strains of cultured cells was determined spectrally. The major terminal oxidases, cytochromes (cyt) aa3 and o, were present in all strains of cultured cells. cyt aa3 was present in significant amounts in bacteroids only in strains of DNA homology group II. cyt o appeared to be present in bacteroids of all strains, and the average level was the same as in cultured cells. cyt b and c in the membrane fractions were higher in bacteroids of all strains compared with cultured cells. cyt P-450 was present in both the membrane and soluble fractions of bacteroids of most strains. The total P-450 content varied sixfold among strains. A CO-reactive hemoprotein, P-422, was present in the soluble fraction of all strains of cultured cells. P-422 may be a hemoglobinlike protein, and it was present in significant amounts in bacteroids only in DNA homology group I strains.
The major hemoprotein oxidases of aerobically grown cells of various species of rhizobia are cytochromes (cyt) aa3 and o (2, 12, 16, 18, 24, 25) . Some of these reports also indicated that cyt aa3 and o were not found in bacteroids of the corresponding species. Instead, new CO-binding hemoproteins including cyt c552, P-450, and P-420 were found in bacteroids which were not found in cultured cells (1, 18). Earlier we reported that bacteroids of Bradyrhizobium japonicum 61A76 contained cyt aa3 and possibly o (15) . To determine the pattern of hemoproteins among strains of B. japonicum and which ones warrant further characterization of their role in symbiosis, we determined the major hemoproteins of 17 strains grown aerobically from three DNA homology groups and of the corresponding bacteroids isolated from the root nodules of field-grown soybean plants. 61A50 and 61A76 were from The Nitragin Co. The strains were grown in a yeast extract-gluconate-inorganic salts medium (13) containing 25 mM MOPS (3-[N-morpholino] propane sulfonic acid) buffer unless otherwise noted. For preparation of extracts of aerobically grown cells, succinate or malate was substituted for gluconate for the growth of a few strains. This was done to reduce the extracellular polysaccharide production which made harvesting the cells difficult. How much the carbon source influenced the hemoprotein levels is not known. Cultured cells and bacteroids were suspended in 0.1 M potassium phosphate (pH 6.8-0.1 mM MgCl2-1 jig of DNase per ml and then ruptured by passage through a French pressure cell. Cell debris was removed by centrifugation at 18 ,000 x g for 15 min. The membrane fraction * Corresponding author.
MATERIALS AND METHODS
sedimenting at 183,000 x g (90 min) was isolated, washed, and used for analysis.
Taproot nodules were harvested about 45 days after emergence from field-grown soybeans (Glycine max cv. Williams) as previously described (15) . The soil contained low numbers of indigenous B. japonicum cells, and uninoculated plants had less than 1 taproot nodule per plant, whereas inoculated plants had an average of about 30. Bacteroids were isolated from taproot nodules and purified by sucrose density centrifugation as previously described (15; also see Table 2 ). The hemoprotein content was determined by spectroscopy by using difference spectra, dithionite reduced minus ferricyanide oxidized. For the COreactive hemoproteins, the difference spectrum between (dithionite plus CO) minus dithionite was used. The extinction coefficients were those used by Appleby (1, 2) except for cyt o, which was derived from Daniel (10) . Protein was determined by the Lowry method after heating for 10 min in 0.5 N NaOH to solubilize the membrane proteins (15) .
RESULTS
Fractionation of bacteroids. Ching et al. (9) reported that bacteroids from soybean nodules could be separated into three fractions by discontinuous sucrose density gradient centrifugation. They suggested that the heaviest fraction corresponded to bacteria, the intermediate fraction corresponded to transforming bacteria, and the lightest fraction corresponded to mature bacteroids. The mature bacteroid fraction was devoid of cyt aa3, had a higher P-450 content, and had higher ,-hydroxybutyrate dehydrogenase and nitrogenase activities compared with the other fractions, characteristics of bacteroids compared with cultured rhizobial cells. In a previous study (15) , we used a similar gradient with B. japonicum 61A76 bacteroids and found that about 90% of the bacteria were in the lightest fraction. From the present study, it is apparent that the density of mature bacteroids is a characteristic of the specific rhizobial strain (see columns 2 to 4, Table 2 ). With most of the strains, the major fraction of bacteroids was found in the lighter fraction a The analytical sucrose density gradient was composed of 6 ml of sample, 8 ml of 45% sucrose (wt/wt), 10 ml of 50% sucrose, 8 ml of 52% sucrose, and 5 ml of 57% sucrose, all prepared in 50 mM potassium phosphate, pH 7.5. The tubes were centrifuged for 4.25 h at 90,000 x g in a Beckman SW27 rotor (15 banding at the 45 to 50% sucrose interface. With a few strains such as USDA 110 and 61A50, the major fraction was found in the heavier fraction banding at the 52 to 57% sucrose interface; and with other strains (80 and USDA 29), the major fraction banded at the 50 to 52% sucrose interface. Cultured cells also banded at various densities depending on the strain. The major bacteroid fraction corresponded to mature bacteroids in all strains, based on reduced cyt aa3 and P-422 content and increased amounts of P-450 and membrane-bound cyt b and c. For preparative work, a modified gradient was used which did not contain 52% sucrose and therefore fractionated bands 3 and 4 together (15) . As can be determined from the distribution shown in Table 2 , this preparative gradient would not influence interpretation of the results. In a few cases in which about equal distribution was found in two major bands, e.g., strains 5633 and USDA 29, we found that the hemoprotein composition was essentially the same in bacteroids from both fractions.
Hemoprotein content of cultured cells. The hemoprotein content of cultured cells of B. japonicum is illustrated in Table 1 . The hemoprotein concentrations were determined from spectra similar to those shown in Fig. 1 to 3 . The strains are grouped according to DNA homology (14 One important characteristic of all strains is that they appeared to contain a hemoprotein among the soluble proteins in the cell-free preparations which we labeled P-422. The (reduced plus CO) minus reduced difference spectrum of the supernatant fraction of strain USDA 130 is shown in Fig.  3 . The minimum at 552 nm and the peak at 414 nm are due primarily to the CO-reactive c-type cytochromes. In addition, the spectrum of all strains revealed an absorption maximum or shoulder at 422 to 425 nm. This is not a characteristic of the c-type cytochromes found in the soluble fraction. We fractionated the hemoprotein(s) in the soluble fraction of a mutant deficient in cyt c, and preliminary spectral data of a partially purified fraction (Fig. 3, curve 3 [19] ) was partially purified by ammonium sulfate fractionation (45 to 75% saturated fraction) followed by fractionation on a DE-52 ion-exchange column. The P-422 was absorbed on the column in 0.01 M phosphate buffer (pH 7.5) and eluted with 0.1 M NaCl in 0.01 M phosphate.
found in significant amounts in bacteroids of many strains (see below).
Hemoprotein content of bacteroids. The hemoprotein content of bacteroids of 18 strains of B. japonicum is shown in Table 2 . There are several differences compared with cultured cells.
(i) cyt aa3. The small X and large Xmin in the (reduced plus CO) minus reducec spectrum of the particulate fraction of cultured cells (Fig. 2, spectrum 1 ) are due to cyt aa3. In bacteroids, this spectrum is modified due to the lower concentration of aa3 and the presence of P-450 (Fig. 2,  spectrum 2) . Note that the P-450 peak is at 456 nm. This is due to the influence of cyt aa3. In strains which do not have aa3 (DNA homology groups I and Ta), the 56, 1990 on October 13, 2017 by guest http://aem.asm.org/ Downloaded from other organisms, the level of 02 normally found in nodules is too low for cyt aa3 to function effectively. Therefore, it is unlikely that cyt aa3 has a significant role in 02 metabolism in bacteroids even in the DNA homology group II strains. This conclusion is supported by the isolation of mutants deficient in cyt aa3 which were symbiotically effective (19, 20) . A recent report has described the isolation of a mutant of R. phaseoli which had a higher level of cyt aa3 in bacteroids than the wild-type parent (24) . This mutant reduced more acetylene in nodules from young plants (but not older plants) than the wild type. This mutant was isolated after mutagenesis with a chemical mutagen. Since multiple mutations and deletions in DNA may result from chemical mutagenesis, it is possible that the cytochrome mutation was not responsible for the symbiotic phenotype.
Appleby (1) failed to observe cyt o in bacteroids of B. japonicum 505, and others have assumed the absence of cyt o in bacteroids (16, 23) , although the spectra they published could indicate the presence of cyt o. O'Brian and Maier (21) clearly demonstrated the presence of cyt o in bacteroids of strain SR; Appleby et al. (4) reported it in bacteroids of NGR231; and Soberon et al. (24) found it in R. phaseoli. Our interpretation of the spectra we obtained is that cyt o was present in bacteroids of all strains including strain 505. However, there is no concrete evidence that it is functional in bacteroids. The mean cyt o levels in bacteroids of all strains were about the same as in cultured cells. In general, however, the levels in bacteroids of group II are higher than in cultured cells, while the levels in bacteroids of group I are lower.
Rhizobia contain an array of other CO-reactive hemoproteins. CO reactivity of a hemoprotein is indicative of 02 binding and that the protein potentially is an oxidase. To date, the oxidase(s) which is functional in bacteroids has not been identified. Bergersen and Turner (8) measured the rate of 02 consumption as a function of 02 concentration and proposed that there may be four oxidases with different affinities for 02 in bacteroids. In particles, in addition to cyt aa3 and o, the CO-reactive pigments are particle-bound cyt c552, P-450, and possibly P-420; soluble proteins P-450 and P-422; and one or two soluble c-type cytochromes, c552 and C554. The relationship between the particle-bound and soluble c-type cytochromes is not known. In addition, a flavoprotein oxidase has been identified in bacteroid membranes of B.japonicum (3) and shown to be involved in H2 oxidation (21) .
Daniel and Appleby (11) Appleby (1) observed a CO-reactive component in the particulate fraction of bacteroids which he called P-420. The (reduced plus CO) minus reduced spectrum of the particulate fraction of bacteroids has a shoulder at 422 nm (Fig. 2,  spectrum 2) . Most but not all of the strains had this characteristic. No similar shoulder was observed in cultured cells except for USDA 110 and 115. It is not likely to be due to P-422 since P-422 was not found in the soluble fraction of bacteroids of most strains. The nature of P-420 is obscure.
Appleby (1, 2) identified a pigment (P-428) present in small amounts in the soluble fraction of bacteroid and cultured cell extracts. This pigment was not further characterized nor mentioned in a subsequent publication (11) . In our experiments, a very small shoulder in the (reduced plus CO) minus reduced difference spectra at 428 to 430 nm was observed in the soluble extract of three strains: 505, 5633, and USDA 110. It was present in such small amounts that characterization would be difficult. 
